The synthesis and characterization of the new Ir(I)-complexes [IrCl(cod)(Bnmim)], [Ir(cod)(emim)(PPh 3 )]Cl and [Ir(cod)(Bnmim)(mtppms)] are reported. The zwitterionic complexes [Ir(cod)(NHC)(mtppms)] and Na 2 [Ir(cod)(NHC)(mtppts)] (NHC = emim, bmim or Bnmim;
Introduction
Hydrogenation of ketones is an important synthetic transformation leading to alcohols which themselves are valuable products or intermediates for the synthesis of pharmaceuticals, flavours and fragrances, crop protection agents, etc. Instead of hydrogen gas, transfer hydrogenation processes apply suitable hydrogen donors, such as formic acid, aqueous solutions of formate salts, or appropriate secondary alcohols, e.g., 2- propanol. An important advantage of transfer hydrogenations over reductions with H 2 is in the use of an H-donor which is usually a liquid and much less flammable than gaseous H 2 . No wonder, that transfer hydrogenation has a long and fruitful history, and complexes of several transition metals, such as those of Ru [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] , Rh [14] [15] [16] and Ir [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] , and many others have been used to catalyse hydrogen transfer reductions. The various aspects of transfer hydrogenation are covered by several excellent reviews [1] [2] [3] [4] [20] [21] [22] 35] .
The most abundant homogeneous catalysts of transfer hydrogenations contain tertiary phosphine ligands, however, complexes with N-heterocyclic carbene (NHC) ligands are also studied in increasing numbers by several research groups [36] [37] [38] [39] [40] [41] .
Iridium complexes, have a long history in catalysis and were applied also as transfer hydrogenation catalysts [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] 42] . Complexes with NHC ligands have proved extremely versatile catalysts in this field, too. For example, Nolan and co-workers synthesized analogs to Crabtree's catalyst with the general formula [Ir(cod)(py)(NHC)]PF 6 (NHC being ICy = 1,3-bis(cyclohexyl) imidazole-2-ylidene, IPr = 1,3-bis(2,6-diisopropylphenyl)imidazole-2-ylidene, IMes = 1,3-bis(2,4,6-trimethylphenyl)imidazole-2-ylidene and SIMes = 4,5-dihydro-1,3-bis(2,4,6-trimethyphenyl)imidazole-2-ylidene) and studied their catalytic activity in hydrogenation of alkenes and in transfer hydrogenation of ketones [30] . In general, replacement of the PCy 3 ligand by an NHC ligand led to a higher catalytic hydrogenation activity of the complexes and, in addition, increased their stability. Similar Ir(I)-phosphine-NHC complexes with IMes and IMe (1,3-dimethylimidazole-2-ylidene) as ligands were investigated by Buriak et al. with NMR spectroscopy and X-ray crystallography [24, 25] . The complexes were applied as catalysts for alkene hydrogenations under mild conditions (1 bar, 25 • C) and the Ir(I)-phosphine-NHC catalysts were found more active than their counterparts containing no tertiary phosphine (PR 3 ) ligands.
Transfer hydrogenations of ketones, including acetophenone, were studied recently by Oro and co-workers with Ir(I)-NHC catalysts and 2-propanol as hydrogen donor (Scheme 1). In case of cyclohexanone, the optimum substrate/catalyst/base ratio was found to be 1000/1/5 (with KOH as a base at 80 • C), and the most efficient catalyst was [Ir(cod)(NCCH 3 )(1-methyl-3-(2methoxybenzyl)imidazole-2-ylidene)] + . In their later studies, Ir(III)-bis-NHC complexes were also synthesized and applied as catalysts for transfer hydrogenation of ketones [18, 19] . Among them, [Ir(I) 2 (CH 3 CN) 2 {κ 2 C,C -bis(NHC Me )}]BF 4 (bis(NHC Me ) = methylene-bis(N-methyl)imidazole-2-ylidene) was used as catalyst in transfer hydrogenation of acetophenone and afforded 98% conversion in 5 h with a S/C = 100, in 2-PrOH at 80 • C [19] .
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Transfer hydrogenations of ketones, including acetophenone, were studied recently by Oro and co-workers with Ir(I)-NHC catalysts and 2-propanol as hydrogen donor (Scheme 1). In case of cyclohexanone, the optimum substrate/catalyst/base ratio was found to be 1000/1/5 (with KOH as a base at 80 °C), and the most efficient catalyst was [Ir(cod)(NCCH3)(1-methyl-3-(2′methoxybenzyl)imidazole-2-ylidene)] + . In their later studies, Ir(III)-bis-NHC complexes were also synthesized and applied as catalysts for transfer hydrogenation of ketones [18, 19] . Among them, [Ir(I)2(CH3CN)2{κ 2 C,C'-bis(NHC Me )}]BF4 (bis(NHC Me ) = methylene-bis(N-methyl)imidazole-2-ylidene) was used as catalyst in transfer hydrogenation of acetophenone and afforded 98% conversion in 5 h with a S/C = 100, in 2-PrOH at 80 °C [19] . With the aim of establishing the electronic and steric effects of the NHC ligands on the catalytic properties of Ir(I)-NHC complexes, transfer hydrogenation of acetophenone from 2-PrOH was investigated in detail by Kühn and co-workers with a series of Ir(I)-NHC catalysts containing various NHC ligands based on imidazole, benzimidazole and imidazolidine [29] . In general, the complexes showed useful catalytic properties, revealing that the catalytic activity decreased with the increasing steric bulk of the N-heterocyclic carbene ligands. With the same catalysts, other substrates were also efficiently reduced by transfer hydrogenation.
For long, we have been interested in the use of water-soluble Ir(I)-PR3-NHC complexes as catalysts for various transformations in fully or partially aqueous media [31] [32] [33] [34] .
[Ir(cod)(NHC)(mtppms)], Na2[Ir(cod)(NHC)(mtppts)] (NHC = emim or bmim; mtppms-Na and mtppts-Na3 = sodium salts of mono-and trisulfonated triphenylphosphine, respectively) and [Ir(bmim)(cod)(pta)]Cl (pta = 1,3,5-triaza-7-phosphaadamantane) were found active catalysts for hydrogenation of alkenes, dienes, alkynes and 2-oxoacids, and for the redox isomerization of allylic alcohols [31] . In addition, [Ir(cod)(emim)(mtppms)] catalysed with outstanding activity the hydrogenation of bicarbonate, as well as the dehydrogenation of formate resulting in a reversible H2 storage/delivery process based on aqueous solution of NaHCO3/NaHCO2 [32, 33] . Our ongoing studies showed that these Ir(I)-PR3-NHC catalysts are also active in the racemization of optically active secondary alcohols which involve alcohol dehydrogenation followed by ketone hydrogenation. On the basis of these previous results we undertook a study of the transfer hydrogenation of ketones from basic 2-propanol as H-donor and with [Ir(cod)(NHC)(mtppms)] and Na2[Ir(cod)(NHC)(mtppts)] complexes as catalysts, and the results are presented in the followings. With the aim of establishing the electronic and steric effects of the NHC ligands on the catalytic properties of Ir(I)-NHC complexes, transfer hydrogenation of acetophenone from 2-PrOH was investigated in detail by Kühn and co-workers with a series of Ir(I)-NHC catalysts containing various NHC ligands based on imidazole, benzimidazole and imidazolidine [29] . In general, the complexes showed useful catalytic properties, revealing that the catalytic activity decreased with the increasing steric bulk of the N-heterocyclic carbene ligands. With the same catalysts, other substrates were also efficiently reduced by transfer hydrogenation.
For long, we have been interested in the use of water-soluble Ir(I)-PR 3 -NHC complexes as catalysts for various transformations in fully or partially aqueous media [31] [32] [33] [34] . [Ir(cod)(NHC)(mtppms)], Na 2 [Ir(cod)(NHC)(mtppts)] (NHC = emim or bmim; mtppms-Na and mtppts-Na 3 = sodium salts of mono-and trisulfonated triphenylphosphine, respectively) and [Ir(bmim)(cod)(pta)]Cl (pta = 1,3,5-triaza-7-phosphaadamantane) were found active catalysts for hydrogenation of alkenes, dienes, alkynes and 2-oxoacids, and for the redox isomerization of allylic alcohols [31] . In addition, [Ir(cod)(emim)(mtppms)] catalysed with outstanding activity the hydrogenation of bicarbonate, as well as the dehydrogenation of formate resulting in a reversible H 2 storage/delivery process based on aqueous solution of NaHCO 3 /NaHCO 2 [32, 33] . Our ongoing studies showed that these Ir(I)-PR 3 -NHC catalysts are also active in the racemization of optically active secondary alcohols which involve alcohol dehydrogenation followed by ketone hydrogenation. On the basis of these previous results we undertook a study of the transfer hydrogenation of ketones from basic 2-propanol as H-donor and with [Ir(cod)(NHC)(mtppms)] and Na 2 [Ir(cod)(NHC)(mtppts)] complexes as catalysts, and the results are presented in the followings. In this work, we explored the catalytic properties of several Ir(I)-NHC-PR 3 complexes in transfer hydrogenation of ketones in basic 2-propanol. With this aim, NHC ligands with various N-substituents were used, while the PR 3 ligands included PPh 3 , and the water-soluble monosulfonated and trisulfonated triphenylphosphines mtppms-Na, and mtppts-Na 3 , respectively. The structures of the catalysts together with their numbering scheme are shown in Figure 1 .
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Earlier, we have synthesized [IrCl(cod)(emim)] (1) [31] and the bromo analogue of 3, i.e., [IrBr(cod)(Bnmim)] has also been prepared [43] however, the solid-state structures of these complexes have not been determined. In 1 and 3, the Ir-C carbene distances do not differ significantly from the respective bond distances found in similar [IrCl(cod)(NHC)]-type complexes with aliphatic wingtip chains, in which the average Ir-C carbene distance is 2.039 Å (CSD Version 5.40, August 2019). In the close analogue of 1, i.e., [IrCl(cod)(bmim)] (2), d(Ir-C carbene ) = 2.024(2) Å [44] .
In the crystals of [IrCl(cod)(Bnmim)] (3), the asymmetric unit contains two neutral molecules with Ir-C carbene bond distances 2.029(11)Å és 2.043(10)Å, respectively. These distances are close to those determined for [IrCl(cod)(L1)] (L1 = 1-[(4 -iodophenyl)methyl]-3-methylimidazolin-2-ylidene), 2.034(7) Å [45] and for [IrCl(cod)(L2)] (L2 = 1-methyl-3-(pentamethylbenzyl)imidazol-2-ylidene), 2.035(7) Å [46] , and compare well with the average of Ir-C carbene distances observed in other [IrCl(cod)(NHC)] complexes.
The asymmetric unit of 6 contains the neutral [Ir(cod)(emim)(mtppms)] together with three disordered solvent molecules. Similarly to [Ir(bmim)(cod)(mtppms)] [31] , the compound is an inner salt (zwitterion). In [Ir(emim)(cod)(mtppms)] the Ir-P distance is 2.316(3) Å, very close to the one determined for [Ir(bmim)(cod)(mtppms)], 2.301(8) Å. The same is found for the Ir-C carbene bond distances: 2.037(11) (6), and 2.033(11) ([Ir(bmim)(cod)(mtppms)]), as well as in case of the Ir-C carbene -P bond angles: 91.6(3) in 6, and 90.92(1) in [Ir(bmim)(cod)(mtppms)]. For all the three complexes (1, 3 and 6) the C(10)=C(11) bond distances are around 1.3 Å, characteristic for double bonds between sp 2 carbon atoms.
General Features of Transfer Hydrogenation of Ketones with Ir(I)-NHC-PR 3 Catalysts
At 80 • C, complexes 1-9 catalysed the reduction of ketones by hydrogen transfer from basic 2-propanol with remarkable activity. In the first few minutes, the colour of the reaction mixtures turned from light orange yellow/red to light brown, and this colour persisted even after the reaction came to a halt. No other products than the corresponding alcohols (in case of benzylideneacetone the saturated ketone and unsaturated alcohol, too) were detected by gas chromatography. The activities of the various catalysts were compared in the transfer hydrogenation of acetophenone (Table 1) . Turnover frequencies (TOF = mol reacted substrate × (mol catalyst × time) −1 ) in the 360-670 h −1 range were determined, except the case of [IrCl(cod)(IMes)] (4), the use of which led to a TOF = 110 h −1 . Under comparable conditions but using [IrBr(cod)(Bnmim)] as the catalyst, Perís and co-workers determined a TOF = 158 h −1 in the transfer hydrogenation of acetophenone [43] ; the chloride-containing analogue [IrCl(cod)(Bnmim)] (3) afforded the 2-phenylethanol product with a TOF = 670 h −1 , which shows the large influence of the halide ligand on the catalyst's activity. Coordination of PPh 3 remarkably increased the catalytic activity (1 vs. 5), while the effect of mtppms-Na was slightly positive with emim (1 vs. 6), slightly negative with bmim (2 vs. 8) and strongly negative with Bnmim (3 vs. 9) as the NHC ligands. The coordination of mtppts-Na 3 also led to pronounced loss of the catalytic activity (1 vs. 7). These data do not allow far-reaching conclusions on the effects of ligands in this series of Ir(I)-NHC-PR 3 catalysts, however, it seems, that the basicity of both the NHC and the phosphine ligands, as well as their combined steric bulk, play important roles. It should also be considered, that coordination of mtppms-Na or mtppts-Na 3 results in chloride-free complexes, such as 6-9. Although the sulfonate-groups of the phosphine ligands compensate the positive charge on Ir(I), and may loosely coordinate to it, the absence of chloride from the coordination sphere may facilitate the creation of an easy-to-fill coordination site for the substrates. Conditions: n (catalyst) = 0.01 mmol, n (acetophenone) = 5. A more detailed comparison of catalysts 1-6 and 9 in the transfer hydrogenation of five different ketones showed the same activity pattern (Table S1 ). In the case of aromatic ketones and cyclohexanone, catalysts 1, 2, 5, and 6 showed similar high activities, with yields close to or above 90%. 3-Octanone was reduced with lower rates, and in this case, the activities of catalysts 1 and 2 were approximately half of those of 5 and 6. With all substrates, the activity of catalyst 4, containing IMes as the NHC ligand, was largely inferior in comparison to all other complexes.
The reactivity of various ketones in this hydrogen transfer reduction was investigated with the use of [Ir(cod)(emim)(mtppms)] (6) as the catalyst. It is seen from the data of Table 2 , that 2-and 4-chloroacetophenone, as well as 4-aminoacetophenone (entries 2, 3 and 4, respectively), showed somewhat higher reactivity than acetophenone. In contrast, the 2-hydroxyacetophenone derivatives (entries 5 and 6) were completely unreactive, most probably due to the strong hydrogen bonds which form between the ketone oxygen and the -OH group. Benzophenone was actively reduced in this hydrogen transfer system (entry 10) as was cyclohexanone (entry 7). The reactivity of aliphatic 2-alkanones depended on the chain length of the alkyl substituent on C2 (entries 8, 9); 3-octanone was less reactive than 2-butanone. A more detailed comparison of catalysts 1-6 and 9 in the transfer hydrogenation of five different ketones showed the same activity pattern (Table S1 ). In the case of aromatic ketones and cyclohexanone, catalysts 1, 2, 5, and 6 showed similar high activities, with yields close to or above 90%. 3-Octanone was reduced with lower rates, and in this case, the activities of catalysts 1 and 2 were approximately half of those of 5 and 6. With all substrates, the activity of catalyst 4, containing IMes as the NHC ligand, was largely inferior in comparison to all other complexes.
The reactivity of various ketones in this hydrogen transfer reduction was investigated with the use of [Ir(cod)(emim)(mtppms)] (6) as the catalyst. It is seen from the data of Table 2 , that 2-and 4chloroacetophenone, as well as 4-aminoacetophenone (entries 2, 3 and 4, respectively), showed somewhat higher reactivity than acetophenone. In contrast, the 2-hydroxyacetophenone derivatives (entries 5 and 6) were completely unreactive, most probably due to the strong hydrogen bonds which form between the ketone oxygen and the -OH group. Benzophenone was actively reduced in this hydrogen transfer system (entry 10) as was cyclohexanone (entry 7). The reactivity of aliphatic 2alkanones depended on the chain length of the alkyl substituent on C2 (entries 8, 9); 3-octanone was less reactive than 2-butanone. Conditions: n (catalyst) = 0.01 mmol, n (acetophenone) = 5. A more detailed comparison of catalysts 1-6 and 9 in the transfer hydrogenation of five different ketones showed the same activity pattern (Table S1 ). In the case of aromatic ketones and cyclohexanone, catalysts 1, 2, 5, and 6 showed similar high activities, with yields close to or above 90%. 3-Octanone was reduced with lower rates, and in this case, the activities of catalysts 1 and 2 were approximately half of those of 5 and 6. With all substrates, the activity of catalyst 4, containing IMes as the NHC ligand, was largely inferior in comparison to all other complexes.
The reactivity of various ketones in this hydrogen transfer reduction was investigated with the use of [Ir(cod)(emim)(mtppms)] (6) as the catalyst. It is seen from the data of Table 2 , that 2-and 4chloroacetophenone, as well as 4-aminoacetophenone (entries 2, 3 and 4, respectively), showed somewhat higher reactivity than acetophenone. In contrast, the 2-hydroxyacetophenone derivatives (entries 5 and 6) were completely unreactive, most probably due to the strong hydrogen bonds which form between the ketone oxygen and the -OH group. Benzophenone was actively reduced in this hydrogen transfer system (entry 10) as was cyclohexanone (entry 7). The reactivity of aliphatic 2alkanones depended on the chain length of the alkyl substituent on C2 (entries 8, 9); 3-octanone was less reactive than 2-butanone. A more detailed comparison of catalysts 1-6 and 9 in the transfer hydrogenation of five different ketones showed the same activity pattern (Table S1 ). In the case of aromatic ketones and cyclohexanone, catalysts 1, 2, 5, and 6 showed similar high activities, with yields close to or above 90%. 3-Octanone was reduced with lower rates, and in this case, the activities of catalysts 1 and 2 were approximately half of those of 5 and 6. With all substrates, the activity of catalyst 4, containing IMes as the NHC ligand, was largely inferior in comparison to all other complexes.
The reactivity of various ketones in this hydrogen transfer reduction was investigated with the use of [Ir(cod)(emim)(mtppms)] (6) as the catalyst. It is seen from the data of Table 2 , that 2-and 4chloroacetophenone, as well as 4-aminoacetophenone (entries 2, 3 and 4, respectively), showed somewhat higher reactivity than acetophenone. In contrast, the 2-hydroxyacetophenone derivatives (entries 5 and 6) were completely unreactive, most probably due to the strong hydrogen bonds which form between the ketone oxygen and the -OH group. Benzophenone was actively reduced in this hydrogen transfer system (entry 10) as was cyclohexanone (entry 7). The reactivity of aliphatic 2alkanones depended on the chain length of the alkyl substituent on C2 (entries 8, 9); 3-octanone was less reactive than 2-butanone. Benzylideneacetone-as a typical α, β-unsaturated ketone-is often employed for testing new catalysts with regard to their selectivity in the hydrogenation of C=C and C=O bonds (Scheme 2).
It was found, that transfer hydrogenation of benzylideneacetone (I) with 6 as the catalyst furnished all three possible products, II, III and IV, with no pronounced selectivity (Table 2, Figure  5 ). The primary product of the reaction is 4-phenyl-2-butanone (II), and its concentration in the reaction mixture after 20 min showed a maximum (46%) which was approximately four times higher than that of the unsaturated alcohol III (10%) (Scheme 2). Nevertheless, both II and III were quickly hydrogenated further to 4-phenyl-2-butanol (IV). Lowering the reaction temperature to 60 °C or to 50 °C did not make the reaction significantly more selective. Benzylideneacetone-as a typical α, β-unsaturated ketone-is often employed for testing new catalysts with regard to their selectivity in the hydrogenation of C=C and C=O bonds (Scheme 2).
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furnished all three possible products, II, III and IV, with no pronounced selectivity (Table 2, Figure  5 ). The primary product of the reaction is 4-phenyl-2-butanone (II), and its concentration in the reaction mixture after 20 min showed a maximum (46%) which was approximately four times higher than that of the unsaturated alcohol III (10%) (Scheme 2). Nevertheless, both II and III were quickly hydrogenated further to 4-phenyl-2-butanol (IV). Lowering the reaction temperature to 60 °C or to 50 °C did not make the reaction significantly more selective. The stabilities of catalysts 1 and 6 were investigated by repeated additions of acetophenone to the reaction mixture following 1 h reaction time periods. Note that no additional base was added to the reaction mixture. The slight volume increases from cycle to cycle, and the effect of remaining acetophenone from the previous cycle was not accounted for. Figure 6 shows convincingly, that the investigated catalysts retained their high activity, and even in the 5th run, conversions as high as 85% and 80% were observed with catalysts 1 and 6, respectively. This is a remarkable feature of the transfer hydrogenation compared to hydrogenation with H2 gas. Namely, Buriak et al. have found that in hydrogenations of alkenes with gaseous H2, Ir-NHC-phosphine catalysts, similar to 5-9, lost their activity in reaction with H2 following complete hydrogenation of the olefin [24, 25] . In the specific case of [Ir(cod)(IMe)P( n Bu)3]PF6 the final, inactive solution contained a mixture of polynuclear Ir(I)-hydrides. (However, the stability could be increased by proper choice of the ligands, such as the combination of a basic, bulky PR3, a saturated NHC and a sterically demanding anion, found e.g., in [Ir(cod)(SIMes){P( n Bu)3}]BARF (BARF = tetrakis[3,5-bis(trifluoromethyl)phenyl]borate). Such complexes showed long-term stability under hydrogen atmosphere [25] . The stabilities of catalysts 1 and 6 were investigated by repeated additions of acetophenone to the reaction mixture following 1 h reaction time periods. Note that no additional base was added to the reaction mixture. The slight volume increases from cycle to cycle, and the effect of remaining acetophenone from the previous cycle was not accounted for. Figure 6 shows convincingly, that the investigated catalysts retained their high activity, and even in the 5th run, conversions as high as 85% and 80% were observed with catalysts 1 and 6, respectively. This is a remarkable feature of the transfer hydrogenation compared to hydrogenation with H 2 gas. Namely, Buriak et al. have found that in hydrogenations of alkenes with gaseous H 2 , Ir-NHC-phosphine catalysts, similar to 5-9, lost their activity in reaction with H 2 following complete hydrogenation of the olefin [24, 25] . In the specific case of [Ir(cod)(IMe)P( n Bu) 3 ]PF 6 the final, inactive solution contained a mixture of polynuclear Ir(I)-hydrides. (However, the stability could be increased by proper choice of the ligands, such as the combination of a basic, bulky PR 3 , a saturated NHC and a sterically demanding anion, found e.g., in [Ir(cod)(SIMes){P( n Bu) 3 }]BARF (BARF = tetrakis[3,5-bis(trifluoromethyl)phenyl]borate). Such complexes showed long-term stability under hydrogen atmosphere [25] . specific case of [Ir(cod)(IMe)P( n Bu)3]PF6 the final, inactive solution contained a mixture of polynuclear Ir(I)-hydrides. (However, the stability could be increased by proper choice of the ligands, such as the combination of a basic, bulky PR3, a saturated NHC and a sterically demanding anion, found e.g., in [Ir(cod)(SIMes){P( n Bu)3}]BARF (BARF = tetrakis[3,5-bis(trifluoromethyl)phenyl]borate). Such complexes showed long-term stability under hydrogen atmosphere [25] . 
Studies on the Kinetics of the Transfer Hydrogenation of Acetophenone
Transfer hydrogenation of acetophenone was investigated in detail with the use of [Ir(cod)(emim)(mtppms)] (6) as the catalyst. Since the reaction proceeds in basic solution, a screening of various bases was undertaken. It was established that among t-BuOK, KOH, NaOH, Cs 2 CO 3 , CsHCO 3 , HCO 2 Cs and HCO 2 Na, the most effective were t-BuOK, KOH and NaOH; t-BuOK was used for further studies. It was also found, that the conversion of acetophenone as a function of the Figure S1 ), consequently, this ratio was used in most of our measurements.
The time course of the reaction with two catalysts is shown in Figure 7 . Initially, the reaction catalysed by [IrCl(cod)(emim)] (1) was somewhat faster than the one catalysed by [Ir(cod)(emim)(mtppms)] (6), nevertheless with both catalysts a saturation value of conversion was obtained in 2 h ([S]/[C] = 250). The incomplete conversion at this point, 82%, is most probably due to the reversible nature of hydrogen transfer (Scheme 1). The reactions were run in a closed Schlenk vessel, so the product of 2-propanol dehydrogenation, i.e., acetone, was not removed and could act as a hydrogen acceptor in the reverse reaction. This effect was even more pronounced at high [S]/[C] ratios, namely, the equilibrium conversion with 5 mmol acetophenone, [S]/[C] = 500 was only 68% (Figure 7) .
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The time course of the reaction with two catalysts is shown in Figure 7 . Initially, the reaction catalysed by [IrCl(cod)(emim)] (1) was somewhat faster than the one catalysed by [Ir(cod)(emim)(mtppms)] (6), nevertheless with both catalysts a saturation value of conversion was obtained in 2 h ([S]/[C] = 250). The incomplete conversion at this point, 82%, is most probably due to the reversible nature of hydrogen transfer (Scheme 1). The reactions were run in a closed Schlenk vessel, so the product of 2-propanol dehydrogenation, i.e., acetone, was not removed and could act as a hydrogen acceptor in the reverse reaction. This effect was even more pronounced at high [S]/[C] ratios, namely, the equilibrium conversion with 5 mmol acetophenone, [S]/[C] = 500 was only 68% (Figure 7 ). The conversion of acetophenone decreased almost linearly as a function of its amount ( Figure  S2) . The data allowed the calculation of turnover numbers (TONs, TON = mol reacted substrate/mol catalyst) shown in Figure 8 , revealing saturation against the amount of acetophenone. The conversion of acetophenone decreased almost linearly as a function of its amount ( Figure S2) . The data allowed the calculation of turnover numbers (TONs, TON = mol reacted substrate/mol catalyst) shown in Figure 8 , revealing saturation against the amount of acetophenone. The reaction rate increased according to a saturation curve with increasing catalyst concentrations ( Figure S3 ). This finding is in agreement with the observations of Buriak and coworkers, who rationalized it by assuming that the catalysts formed an inactive dimeric species in their resting state [25] . With the same assumption for our case, too, the reaction rate (expressedwith the known limitations-as the conversion of the substrate in a given time) should be a linear function of the square root of the catalyst concentration. Indeed, such behaviour was found experimentally (Figure 9 ). However, it is also probable, that the rate of the back reaction in Scheme 1, i.e., hydrogenation of acetone by hydrogen transfer from 1-phenylethanol, increases with increasing concentration of the latter in the reaction mixture at higher conversions, while the opposite happens to the transfer hydrogenation of acetophenone. This may cause a saturation-type variation of the reaction rate as a function of both the catalyst and the substrate amounts. This assumption is supported by the observation, that the equilibrium conversion of acetophenone is only 68% at [S]/[C] = 500; Figure 7) ; much smaller than the one determined at lower substrate concentrations (e.g., 91% at 1 mmol acetophenone, [S]/[C] = 100; Table 2 ). Both the dimerization of the immediate pre-catalyst in its resting state and the equilibrium nature of the reaction (Scheme 1) would lead to the observed saturation-type dependence of the conversion of acetophenone on the concentration of 6. The reaction rate increased according to a saturation curve with increasing catalyst concentrations ( Figure S3 ). This finding is in agreement with the observations of Buriak and co-workers, who rationalized it by assuming that the catalysts formed an inactive dimeric species in their resting state [25] . With the same assumption for our case, too, the reaction rate (expressed-with the known limitations-as the conversion of the substrate in a given time) should be a linear function of the square root of the catalyst concentration. Indeed, such behaviour was found experimentally (Figure 9 ). However, it is also probable, that the rate of the back reaction in Scheme 1, i.e., hydrogenation of acetone by hydrogen transfer from 1-phenylethanol, increases with increasing concentration of the latter in the reaction mixture at higher conversions, while the opposite happens to the transfer hydrogenation of acetophenone. This may cause a saturation-type variation of the reaction rate as a function of both the catalyst and the substrate amounts. This assumption is supported by the observation, that the equilibrium conversion of acetophenone is only 68% at [S]/[C] = 500; Figure 7) ; much smaller than the one determined at lower substrate concentrations (e.g., 91% at 1 mmol acetophenone, [S]/[C] = 100; Table 2 ). Both the dimerization of the immediate pre-catalyst in its resting state and the equilibrium nature of the reaction (Scheme 1) would lead to the observed saturation-type dependence of the conversion of acetophenone on the concentration of 6. The reaction rate increased according to a saturation curve with increasing catalyst concentrations ( Figure S3 ). This finding is in agreement with the observations of Buriak and coworkers, who rationalized it by assuming that the catalysts formed an inactive dimeric species in their resting state [25] . With the same assumption for our case, too, the reaction rate (expressedwith the known limitations-as the conversion of the substrate in a given time) should be a linear function of the square root of the catalyst concentration. Indeed, such behaviour was found experimentally (Figure 9 ). However, it is also probable, that the rate of the back reaction in Scheme 1, i.e., hydrogenation of acetone by hydrogen transfer from 1-phenylethanol, increases with increasing concentration of the latter in the reaction mixture at higher conversions, while the opposite happens to the transfer hydrogenation of acetophenone. This may cause a saturation-type variation of the reaction rate as a function of both the catalyst and the substrate amounts. This assumption is supported by the observation, that the equilibrium conversion of acetophenone is only 68% at [S]/[C] = 500; Figure 7) ; much smaller than the one determined at lower substrate concentrations (e.g., 91% at 1 mmol acetophenone, [S]/[C] = 100; Table 2 ). Both the dimerization of the immediate pre-catalyst in its resting state and the equilibrium nature of the reaction (Scheme 1) would lead to the observed saturation-type dependence of the conversion of acetophenone on the concentration of 6. A study of the temperature dependence of the conversion of acetophenone to 2-phenylethanol revealed an induction period at 50 • C which was still detectable at 60 • C. Conversely, at the temperatures of 70 • C and 80 • C, the reactions started with no obvious induction periods and the conversion varied linearly with the reaction time up till 62% ( Figure 10 ). Induction periods in a catalytic reaction may signal the relatively slow formation of the real catalytic species or its immediate pre-catalyst. However, despite all our efforts, we did not succeed in establishing the composition and structure of such species in solutions of 6 in basic 2-propanol; the hydride region of the 1 H NMR spectra always contained a large number of resonances independent of the treatment of these solutions (short or long reaction times at ambient or elevated temperatures).
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The Effect of Water on the Reduction of Acetophenone by Transfer Hydrogenation from Basic 2-Propanol with Ir(I)-NHC and Ir(I)-NHC-PR3 Complexes
Water is the greenest solvent and there is a strong tendency to replace organic solvents with it as much as possible. However, there are numerous examples in the literature that water-due to its high polarity and ability to form strong hydrogen bonds-may significantly influence the rates and selectivities of the reactions, and may even open up new mechanistic pathways. Such solvent effects have been recently reviewed [47] . For example, Williams and co-workers have found that in 2propanol-water mixtures with 34% (v/v) or 51% (v/v) water concentration (x(2-propanol) = 0.31 and 0.18; x = mole fraction), respectively, both the rates and enantioselectivities of acetophenone transfer hydrogenation from 2-propanol increased considerably [48] . In contrast, Landaeta et al. have determined the decrease of acetophenone conversion from 91% to 19% upon replacing dry 2propanol as a solvent with a 2-propanol-water mixture containing 5% (v/v) water (x(2-propanol) = 0.82) [28] . We have also disclosed that transfer hydrogenation of aldehydes from aqueous sodium formate was largely accelerated upon addition of 2-propanol [49, 50] . For these reasons, we undertook the study of transfer hydrogenation of acetophenone and benzylideneacetone in 2-propanol-water mixtures in a wide concentration range (18-100 v/v% 2-propanol) with several Ir(I)-NHC and Ir(I)-NHC-PR3 complexes. The solvent composition is expressed as mole fraction (x) of 2-propanol since this unit expresses explicitly the molecular interactions of water and 2-propanol in their mixture. Note, that in the present case, 2-propanol is one of the reactants. Consequently, some effect of the change of its concentration on the reaction rate (especially under non-pseudo zero-order conditions) can be expected. However, our observations revealed large and complex changes in the rates of transfer hydrogenations which could not be assigned to the usual concentration change effects. Water is the greenest solvent and there is a strong tendency to replace organic solvents with it as much as possible. However, there are numerous examples in the literature that water-due to its high polarity and ability to form strong hydrogen bonds-may significantly influence the rates and selectivities of the reactions, and may even open up new mechanistic pathways. Such solvent effects have been recently reviewed [47] . For example, Williams and co-workers have found that in 2-propanol-water mixtures with 34% (v/v) or 51% (v/v) water concentration (x(2-propanol) = 0.31 and 0.18; x = mole fraction), respectively, both the rates and enantioselectivities of acetophenone transfer hydrogenation from 2-propanol increased considerably [48] . In contrast, Landaeta et al. have determined the decrease of acetophenone conversion from 91% to 19% upon replacing dry 2-propanol as a solvent with a 2-propanol-water mixture containing 5% (v/v) water (x(2-propanol) = 0.82) [28] . We have also disclosed that transfer hydrogenation of aldehydes from aqueous sodium formate was largely accelerated upon addition of 2-propanol [49, 50] . For these reasons, we undertook the study of transfer hydrogenation of acetophenone and benzylideneacetone in 2-propanol-water mixtures in a wide concentration range (18-100 v/v% 2-propanol) with several Ir(I)-NHC and Ir(I)-NHC-PR 3 complexes. The solvent composition is expressed as mole fraction (x) of 2-propanol since this unit expresses explicitly the molecular interactions of water and 2-propanol in their mixture. Note, that in the present case, 2-propanol is one of the reactants. Consequently, some effect of the change of its concentration on the reaction rate (especially under non-pseudo zero-order conditions) can be expected. However, our observations revealed large and complex changes in the rates of transfer hydrogenations which could not be assigned to the usual concentration change effects. Figure 11 shows the effect of increasing 2-propanol concentration (expressed as mole fraction) in the aqueous reaction mixtures on the conversion of acetophenone with [IrCl(cod)(emim)] (1) as the catalyst. In the x = 0.05-0.7 (18-91 v/v%) range only a slight increase of the conversion was observed, however, in more 2-propanol-rich mixtures the reaction largely accelerated and the conversion reached 89% in neat 2-propanol. This is a surprising observation since at the onset of the large rate increase, 2-propanol already is present in large excess relative to acetophenone.
Catalysts 2020, 10, x FOR PEER REVIEW 12 of 21 Figure 11 shows the effect of increasing 2-propanol concentration (expressed as mole fraction) in the aqueous reaction mixtures on the conversion of acetophenone with [IrCl(cod)(emim)] (1) as the catalyst. In the x = 0.05-0.7 (18-91 v/v%) range only a slight increase of the conversion was observed, however, in more 2-propanol-rich mixtures the reaction largely accelerated and the conversion reached 89% in neat 2-propanol. This is a surprising observation since at the onset of the large rate increase, 2-propanol already is present in large excess relative to acetophenone. We have determined the conversions of acetophenone transfer hydrogenation with the cationic, mixed ligand Ir-NHC-PR3 complex, [Ir(cod)(emim)(PPh3)]Cl (5) as the catalysts, too. As can be seen in Figure 11 , in the x = 0.1-0.7 2-propanol concentration range, only a shallow minimum in the conversion was detected, however, the large rate increase above x = 0.7 can be observed here, too
The sulfonated phosphine-containing complexes, [Ir(cod)(emim)(mtppms)] (6) and Na 2 [Ir(cod)(emim)(mtppts)] (7) showed an unexpected behaviour, in that the conversion of acetophenone transfer hydrogenation displayed a maximum around x(2-propanol) ≈ 0.2, and a welldefined minimum around x(2-propanol) ≈ 0.7 (Figure 12 ). The minimum was deeper in the case of catalyst 7, containing trisulfonated triphenylphosphine, mtppts, than in the case of 6, with mtppms. We also compared the activities of the catalysts 6, 8 and 9, containing the same phosphine (mtppms) but different NHC ligands. Again, the conversions displayed a maximum and a minimum as a function of the 2-propanol concentration, however, the minimum was somewhat shallower and its place varied between x(2-propanol) ≈ 0.2 and 0.5, respectively ( Figure 13 ). We have determined the conversions of acetophenone transfer hydrogenation with the cationic, mixed ligand Ir-NHC-PR 3 complex, [Ir(cod)(emim)(PPh 3 )]Cl (5) as the catalysts, too. As can be seen in Figure 11 , in the x = 0.1-0.7 2-propanol concentration range, only a shallow minimum in the conversion was detected, however, the large rate increase above x = 0.7 can be observed here, too.
The sulfonated phosphine-containing complexes, [Ir(cod)(emim)(mtppms)] (6) and Na 2 [Ir(cod)(emim)(mtppts)] (7) showed an unexpected behaviour, in that the conversion of acetophenone transfer hydrogenation displayed a maximum around x(2-propanol) ≈ 0.2, and a well-defined minimum around x(2-propanol) ≈ 0.7 (Figure 12 ). The minimum was deeper in the case of catalyst 7, containing trisulfonated triphenylphosphine, mtppts, than in the case of 6, with mtppms. We also compared the activities of the catalysts 6, 8 and 9, containing the same phosphine (mtppms) but different NHC ligands. Again, the conversions displayed a maximum and a minimum as a function of the 2-propanol concentration, however, the minimum was somewhat shallower and its place varied between x(2-propanol) ≈ 0.2 and 0.5, respectively ( Figure 13 ). Finally, replacing acetophenone with benzophenone as the substrate did not change the character of the conversion vs. 2-propanol concentration function ( Figure 14) . Finally, replacing acetophenone with benzophenone as the substrate did not change the character of the conversion vs. 2-propanol concentration function (Figure 14 ). While the decrease of the conversion in solutions with x(2-propanol) ≤ 0.1 may be attributed to the limited solubility of acetophenone in such highly aqueous solvents, the large minimum values of the acetophenone conversion was observed around x(2-propanol) ≈ 0.7 i.e., in truly homogeneous systems. Furthermore, such minima became manifest only in the case of the catalysts 6-9 which contain sulfonated triphenylphosphine ligands. Nevertheless, in all investigated cases, a large increase in the conversion was observed with 0.7 ≤ x(2-propanol) ≤ 1.
The structure of water-2-propanol mixtures has been thoroughly studied with various techniques [51] [52] [53] [54] [55] [56] . It has been established by large angle X-ray scattering (LAXS), that in a binary mixture at 25 °C, with increasing 2-propanol concentration first the tetrahedral clustering of water molecules collapses abruptly at x(2-propanol) ≈ 0.1, then chains of hydrated 2-propanol oligomers exist until x(2-propanol) = 0.7 [53] . Above this concentration, most of the 2-propanol is present in the form of self-associated, oligomeric entities [53] , and even microheterogeneity may occur [54] . In agreement with these findings, the maximum of the heat of mixing was observed at x(2-propanol) = 0.7 [51, 56] . It is tempting to assume, that the extrema of the acetophenone conversions in the catalytic hydrogen transfer reductions from 2-propanol, found in our present study, are related to such changes in the solvent structure. However, several factors should be considered. First, the solvent structure studies were made at 25 °C in contrast to the 80 °C temperature of the catalytic reactions. Second, in the reaction mixtures, acetophenone and the catalyst were also involved. Both the temperature and the composition of the solution are expected to influence the solution structure to a large extent. Large increases in the catalytic activities at or above x(2-propanol) = 0.7 were observed in case of all investigated catalysts, therefore they may be related to changes of the solvent structure. However, the decrease of conversion in the x(2-propanol) 0.1-0.7 range was detected only with the catalysts which contained sulphonated triphenylphosphine ligands. This leads to the assumption of preferential solvation of the mentioned catalysts in this composition interval, most probably by the highly polar water component of the solvent mixture. However, presently, this assumption is not corroborated by other observations. We can only conclude that while several interesting and potentially important consequences of using water-2-propanol mixtures for homogeneous catalysis have already been demonstrated here and in the literature, the exact reasons of such phenomena still remain elusive.
Materials and Methods
All commercial materials were high purity products from Pressure Chemicals, Pittsburgh, Pennsylvania, USA (IrCl3 × 3H2O), Sigma Aldrich, St. Louis, Missouri, USA ([BnmimH]Cl, all ketone substrates used in this study, 1,5-cyclooctadiene, 2-propanol, methanol, toluene), Merck, Darmstadt, While the decrease of the conversion in solutions with x(2-propanol) ≤ 0.1 may be attributed to the limited solubility of acetophenone in such highly aqueous solvents, the large minimum values of the acetophenone conversion was observed around x(2-propanol) ≈ 0.7 i.e., in truly homogeneous systems. Furthermore, such minima became manifest only in the case of the catalysts 6-9 which contain sulfonated triphenylphosphine ligands. Nevertheless, in all investigated cases, a large increase in the conversion was observed with 0.7 ≤ x(2-propanol) ≤ 1.
The structure of water-2-propanol mixtures has been thoroughly studied with various techniques [51] [52] [53] [54] [55] [56] . It has been established by large angle X-ray scattering (LAXS), that in a binary mixture at 25 • C, with increasing 2-propanol concentration first the tetrahedral clustering of water molecules collapses abruptly at x(2-propanol) ≈ 0.1, then chains of hydrated 2-propanol oligomers exist until x(2-propanol) = 0.7 [53] . Above this concentration, most of the 2-propanol is present in the form of self-associated, oligomeric entities [53] , and even microheterogeneity may occur [54] . In agreement with these findings, the maximum of the heat of mixing was observed at x(2-propanol) = 0.7 [51, 56] . It is tempting to assume, that the extrema of the acetophenone conversions in the catalytic hydrogen transfer reductions from 2-propanol, found in our present study, are related to such changes in the solvent structure. However, several factors should be considered. First, the solvent structure studies were made at 25 • C in contrast to the 80 • C temperature of the catalytic reactions. Second, in the reaction mixtures, acetophenone and the catalyst were also involved. Both the temperature and the composition of the solution are expected to influence the solution structure to a large extent. Large increases in the catalytic activities at or above x(2-propanol) = 0.7 were observed in case of all investigated catalysts, therefore they may be related to changes of the solvent structure. However, the decrease of conversion in the x(2-propanol) 0.1-0.7 range was detected only with the catalysts which contained sulphonated triphenylphosphine ligands. This leads to the assumption of preferential solvation of the mentioned catalysts in this composition interval, most probably by the highly polar water component of the solvent mixture. However, presently, this assumption is not corroborated by other observations. We can only conclude that while several interesting and potentially important consequences of using water-2-propanol mixtures for homogeneous catalysis have already been demonstrated here and in the literature, the exact reasons of such phenomena still remain elusive.
All commercial materials were high purity products from Pressure Chemicals, Pittsburgh, Pennsylvania, USA (IrCl 3 × 3H 2 O), Sigma Aldrich, St. Louis, Missouri, USA ([BnmimH]Cl, all ketone substrates used in this study, 1,5-cyclooctadiene, 2-propanol, methanol, toluene), Merck,
Conclusions
Ir(I)-NHC and Ir(I)-NHC-PR 3 complexes, such as 1-9, proved to be excellent catalysts for the hydrogenation of aromatic and aliphatic ketones by hydrogen transfer from basic 2-propanol. Strong solvent effects were observed in 2-propanol-water mixtures manifested as conversion maxima and minima depending on the water concentration in the solvent. These effects could be related to the molecular interactions in the 2-propanol-water solvent mixtures and suggest the preferential solvation of sulfonated phosphine-containing catalysts by water.
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